evolved considerably; however, most of our understanding comes from studies either of static elongation complexes or at positions of regulatory events such as pause Summary and termination sites. As such, the question of the relevance of these studies to the mechanism of RNA syntheThe regulation of transcription elongation and termisis remains unclear. coli RNAP has an allosteric binding site that is specific in transcription is to synthesize the nascent RNA chain for the templated NTP and that binding in this site inwith high fidelity and at a reasonable rate. This task is duces the switch from the slow to the fast state. complicated by two fundamental properties of transcription. First, transcription is a totally processive process; Results that is, the RNAP must synthesize the entire transcript without dissociating. Unlike DNA polymerases, if RNAP All experiments were performed using a DNA template dissociates, it cannot reassociate with the DNA and RNA that codes for a sequence in which the first cytosine to chains to resume synthesis. Second, transcription elonbe incorporated is at position ϩ25 (Erie et al., 1993). gation is highly regulated both by extraneous protein
Nontemplated NTPs Do Not Affect the Rate of Nucleotide Incorporation
To determine if the allosteric site is specific for one or hancement in rate should be observed upon the addition more of the NTPs, we examined whether or not nontemof a templated but nonincorporatable NTP analog. To plated NTPs could also activate transcription. If nontemtest this possibility, we investigated the kinetics of incorplated NTPs can act as allosteric effectors, we would poration of AMP at position ϩ26 and ϩ27 in the presence expect to see an increase in the rate of incorporation and absence of AMP-CPP. As can be seen in Figure 3 , of CMP at position ϩ25 in the presence of other NTPs.
there is a small increase in the rate of AMP incorporation To test this possibility, we measured the rate of CMP at ϩ26 and a large increase at ϩ27 in the presence of incorporation at position ϩ25 in the presence of different AMP-CPP. Specifically, in the presence of AMP-CPP, it amounts of ATP, GTP, and UTP with a low [CTP] . We takes only 20 milliseconds for 90% of the complexes to used a low concentration of CTP because at low [CTP], reach ϩ27; whereas, in the absence of AMP-CPP, it most of the complexes are expected to be in the slow takes ‫1ف‬ s for 90% of the complexes to reach ϩ27. As state, and therefore, we would expect to see the signifia control, we investigated the kinetics of CMP incorporacant enhancement of rate if nontemplated NTPs could tion at position ϩ25 in the presence of AMP-CPP and induce the transition from the slow to the fast state. observed no enhancement of rate (data not shown), as Addition of nontemplated NTPs has no significant effect expected from our studies on the effects of nontemon the kinetics of incorporation of CMP at position ϩ25 plated NTPs. These results, taken together with those (Figure 2) the substrate acting as the activator ( Figure 4A ). These (E slow ϩ E fast ) Ϫ E slow exp(Ϫk slow t) Ϫ E fast exp(Ϫk fast t)). In an effort to distinguish between these two mechanisms, two mechanisms differ only in that in nonessential activation, the reaction can occur in the absence of the the curves were fit to single and double exponentials and the qualities of the fits compared ( Figure 1B) . Signifiactivator, while in essential activation, the activator must be bound for the reaction to occur (i.e., k unact ϭ 0) ( Figure  cantly , for all concentrations between 5 and 100 M, a double-exponential fit was significantly better (with 4A). If RNAP follows an essential activation mechanism, the rate curves should be fit well by single exponentials greater than 99% confidence) as judged by the F test (see Experimental Procedures) (Shoemaker, 1981; (i.e., E tot Ϫ E tot exp(Ϫk app t); whereas, if it follows a nonessential activation mechanism, the rate curves could be Moore, 1995) . This result indicates that the kinetics are biphasic and strongly supports a mechanism in which represented by the sum of two exponentials (i.e., y ϭ there are two rate-limiting steps to nucleotide incorporaDiscussion tion. In the context of allosteric regulation, this result is consistent with a nonessential activation mechanism in
Model of Nucleotide Incorporation
The first clue that RNAP could exist in an unactivated which the activated state (RNAP bound with substrate in the allosteric site) catalyzes synthesis more rapidly or an activated state came from studies of misincorporation at ϩ25 on the same template used here (Erie et than the unactivated state ( Figure 4A ).
If either of these mechanisms is correct for RNAP, we al., 1993). In this earlier study, it was found that RNA synthesis maintains RNAP in a long-lived activated state should be able to fit the data at all [CTP] with a single set of rate and binding constants. Using the results from that becomes unactivated when transcription is slowed, such as when the next NTP is not present or after a the double-exponential fits as a starting point (see Experimental Procedures), we are able to fit the data to a misincorporation event. The data in Figure 3 also support the idea of a long-lived activated state, in that the nonessential activation mechanism using the constants shown in Figure 4A . Inspection of Figure 4B reveals that rate enhancement from AMP-CPP is greater at ϩ27 than ϩ26, indicating that the complexes do not have to pass this mechanism can fit the data for all [CTP] with a single set of rate and binding constants ( Figure 4A ). In contrast, through the unactivated state at every position. In addition, the misincorporation studies demonstrated that the for the essential activation mechanism, we were not able to find a single set of rate and binding constants that unactivated state is not in rapid equilibrium with the activated state (Erie et al., 1993). This result connotes would yield satisfactory fits to the data at all [CTP] (data not shown). These results taken together with the biphathat the templated NTP binds to the allosteric site and drives the transition from the unactivated slow state to sic kinetics support the nonessential activation mechanism shown in Figure 4A . the activated fast state; that is, The activated state catalyzes synthesis ‫03ف‬ times K d A ϫ K t faster than the unactivated state (k unact ϭ 40 s Ϫ1 and k act ϭ 1200 s Ϫ1 ) ( Figure 4A ). In contrast, the substrate E24 ϩ S E24S A E24*S A dissociation constant for the catalytic site is greater for In this mechanism, the observed allosteric binding conthe activated state than for the unactivated state ( to the activated (E* n S A ) state. This transition is a confor-(E*S A S) were competent to catalyze synthesis (Segel, mational change in RNAP that optimizes the geometry of 1975). Such a case would require that the path in which the DNA template, the RNA transcript, and the substrate the allosteric site is filled first followed by filling the binding site for catalysis (Figures 5A and 5B ). Subsecatalytic site (E ϩ S E*S A ϩ S E*S A S) be kinetically quent binding of the templated NTP in the catalytic site preferred over the path in which the catalytic site is filled causes the DNA template base to switch from the allofirst followed by filling the allosteric site (E ϩ S ES ϩ steric site to the catalytic site and allows rapid synthesis S E*S A S) ( Figure 4A ). The main consequence that in the activated state (E* n S A S). The idea that the DNA rate-limiting binding would have on the discussion that template base can switch between the catalytic and follows is whether or not RNAP can catalyze synthesis allosteric sites is supported both by the observation that in the unactivated state. It would not change the basic nontemplated NTPs cannot induce the transition to the conclusions about the role of the two states in the reguactivated state ( Figure 4A) . To obtain initial taken in different orders. At designated times during the reactions, values for the binding constants to the catalytic and allosteric sites a portion of the purified elongation complexes was removed and and the rate constants for the unactivated and activated states, the extended to full length by the addition of 1 mM of all four NTPs data from the double-exponential fits of the individual rate curves (chased) to establish that the complexes were still active. Prior to were used. To determine initial estimates for the binding constant running the samples on 8 M urea, 20% polyacrylamide gels, the to the allosteric site, the percentage of complexes in the fast state EDTA was removed, and the products were resuspended in 80% (E fast ) is plotted as a function of CTP and fit to a binding curve formamide.
(data not shown). Similarly, to determine initial estimates for the The multiple nucleotide incorporation experiments were perpolymerization rate constants, k pol , and the binding constants for formed as described above. Instead of adding only CTP, a mix of the substrate site for the slow and fast states, the pseudo-first-CTP and ATP, GTP, or UTP was added. Several experiments were order-rate constants, k slow and k fast , were plotted as a function of done in which the concentration of both CTP and ATP were 5, 50,
[CTP] and fit to binding curves (data not shown). These parameters and 100 M. Other NTP combinations tested were: 1 M CTP and were used as starting points for fitting the data. 10 M ATP; 5 M CTP and 20 M GTP; and 5 M CTP with 5, 50, For the essential activation mechanism, the kinetics fitting pro-100, 200, 500 M, or 1 mM UTP. For the nonincorporatable substrate gram Dynafit (Kuzmic, 1996) was used to fit the data. During the experiments, stalled elongation complexes were made and purified fitting procedure, all [CTP] were fit simultaneously; that is, the fits as described above. The complexes were "walked" to position ϩ25
were globally optimized. The specific chemical equations and conby incubating them with 1 M CTP for 1 min. The CTP was removed stants used in the fitting procedure were: E24 ϩ S E24*S A (K allos ), and the complexes were resuspended in 1ϫ TB1 (which contains E24*S A ϩ S E24*S A S (K act ), E24 ϩ 2S E24*S A S (K unact · KЈ allos ), and Mg 2ϩ ) and divided in half. 500 M AMP-CPP (Sigma) was added to E24*S A S → E25*S A (k act ) (see Figure 4A ). In these fits, all binding half of the complexes. The complexes were kept on ice. Kinetic constants and the polymerization rate constant were allowed to experiments were performed at 23ЊC with the two batches of comvary simultaneously. In addition, we varied the starting parameters plexes using 5 M ATP. As a control, complexes stalled at position over several orders on magnitude. Despite these procedures, we ϩ24 were preincubated with AMP-CPP and 5 M CTP was added were not able to find a single set of constants that produced reasonto the reaction, and the rate of CMP incorporation was measured. able fits to data for all [CTP] . For the nonessential activation mechanism, KinSim (Anderson et Data Analysis al., 1988) was used to fit the data "manually"; that is, the data were Quantification and Normalization of Rate Data simulated using many different combinations of rate and binding The amount of radioactivity in each lane of the gel was measured constants until the best fits were obtained. We fit the data manually on a Molecular Dynamics phosphoimager and analyzed with Imbecause neither KinFit nor DynaFit (Anderson et al., 1988; Kuzmic, ageQuant software. The percentage of complexes at each position 1996) can fit data with branched pathways in which one of the on the template was calculated by dividing the amount of radioactivequilibrium constants is not independent. Using the data from the ity in the indicated band by the total amount of radioactivity in all double-exponential fits allowed us to rapidly find a set of binding the bands 24 nucleotides and longer. In most experiments, there and rate constants that produced good fits to the data for the noneswere some complexes that had misincorporated to ϩ25 during sential activation mechanism. There are, however, more than one stalled elongation complex formation. There were also some comset of rate and binding constants that can fit the data. plexes stalled at ϩ24 that did not elongate over the time course Calculation of Fidelity of the experiment, but did elongate in the chase reactions. Such
The rate of UMP misincorporation at position ϩ25 was measured complexes have been observed previously (Komissarova and at 20 M UTP (Erie et al., 1993). The rate in the activated state is Kashlev, 1997). To compare data from different experiments, it was 9.2 ϫ10 Ϫ4 s Ϫ1 , while that in the unactivated state is too slow to observe (Erie et al., 1993). We can, however, estimate an upper limit necessary to normalize the data such that at 0 time, there was 0% for this rate by assuming that 1% misincorporation occurred at the incorporation and upon completion, there was 100% incorporation. 400 min time point (this amount of incorporation would be undetectAccordingly, the percent of complexes that were at ϩ25 prior to the able). Assuming that the unactivated state follows first order kinetaddition of CTP were subtracted from each time point. The data ics, 1% incorporation in 400 min yields a rate of 4.2 ϫ 10 Ϫ7 s Ϫ1 for were then normalized to 100% by dividing each time point by the 20 M UTP. To compare the rates of correct and incorrect incorporahighest percentage of complexes that reached ϩ25. The experition, we need to calculate the rate of CMP incorporation at 20 M. ments were conducted 2 to 6 times for each concentration.
Assuming that the unactivated and activated state each follow first Single-and Double-Exponential Fits of Rate Curves order kinetics, the rate of incorporation in each of these states at Each data set was fit to both single-and double-exponential equaany given concentration is k 
